Transient electromagnetic (TFM) borehole responses response at later times if the body is well coupled to the of 3-D vertical and horizontal tabular bodies in a half transmitter. If the host is very resistive, the galvanic space are calculated to assess the effect of a conductive response vanishes; and the response of the conductor is host. The transmitter is a large loop at the surface of the caused only by vortex currents. earth, and the receiver measures the time derivative of
rent channeled through the body. The observed When only the vortex response is observed, it is easy to magnetic-field response can be visualized as due to gal distinguish vertical and horizontal conductors. How vanic currents that pass through the conductor and ever, in a conductive host where the galvanic response is return in the half-space. When the host resistivity is dominant, it is difficult to interpret the geometry of the increased, the magnetic field of the conductor is influ body; only the approximate location of the body can be enced more by vortex currents that flow in closed loops determined easily. For a horizontal conductor and a inside the conductor. for a moderately resistive host single transmitting loop, only the galvanic response en (1000 Q. m), the magnetic field of the body is caused by ables one to determine whether the conductor is be both vortex and galvanic currents. The galvanic re tween the transmitter and the borehole or beyond the sponse is observed at early times. followed by the vortex borehole. A field example shows behavior similar to that of our theoretical results.
INTRODUCfION
sulfides (Boyd and Wiles, 1984; Dyck and West, 1984; Eadie and Staltari, 1987) .
The borehole transient electromagnetic (TEM) prospecting
Because the borehole prospecting method was first applied method uses a large transmitting loop laid out on the surface in resistive terrain. interpretation was successfully based on and a small receiver coil lowered down a drill hole. A series of free-space models. Two free-space models that are commonly current pulses is transmitted. and a sensor, coaxial with the used arc plates and spheres. Plate models can represent con drill hole. measures the time rate of change in the magnetic ductive veins, shears, or dipping strata, while sphere models field along the borehole during the transmitter off-time. Bore can represent bulk regions of sulfide mineralization. Insight hole surveys increase the prospecting depth for base metals;
derived from plate and sphere models has greatly improved case histories in Australia and Canada have shown the surveys our understanding of TEM responses in resistive terrain to he very useful for exploration and development of massive (Woods. 1975; Dyck and West, 1984) . However, many mining
Borehole Transient EM Responses
targets are embedded in a conductive host or beneath conduc tive overburden, in which cases interpretation of data based on free-space models may lead to erroneous results. Simply removing the host or background response from the data prior to a free-space interpretation, even if such removal is possible. does not completely eliminate the effect of a conduc tive host. For example, the response of the target may not decay exponentially at late times (San Filipo et a1., 1985; Newman and Hohmann, 1988) , as expected for a confined conductor in free-space. Until now, the effect of a conductive host on borehole TEM responses has not been well understood. Eaton and Hohmann (1984) discussed the influence of a conductive host, but only for two-dimensional (2-D) structures. In Eaton and Hoh mann's investigation, the transmitting loop was replaced with two infinite line sources parallel to the strike of the structure. Hence, their results are valid only for the 2-D inductive re sponse. Typically, base-metal deposits are three-dimensional (3-D) in character; 2-D model studies cannot reflect the closed nature of eddy currents in the typical 3-D base-metal deposit, nor can they simulate galvanic current. If the host is moder ately conductive, galvanic current due to charges on resistivity boundaries can make an important contribution to the re sponse of a 3-D target. Galvanic current can be visualized as host current that is channeled through or deflected away from the target depending upon whether the target is more or less conductive than its host. McNeill et al. (1984) and West and Edwards (1985) used approximate techniques to study the relation between vortex and galvanic TEM responses for sur face configurations.
More recently, West and Ward (1988) modeled the borehole TEM response of a 3-0, horizontal, tabular body in the earth with a view toward detection of a fracture zone. In another recent paper, Augustin et al. (1989) evaluated the effect of metal casing on surface-to-borehole, frequency-domain EM. However, their work relates primarily to borehole logging, i.e., determining the electrical resistivity in the vicinity of a drill hole. In this paper we use numerical modeling to assess the influence of a conductive host on the borehole responses of vertical and horizontal 3-D bodies that represent typical tar gets in mineral exploration. We first discuss the general characteristics of vortex and galvanic responses of a 3-D con ductor in a conductive host in order to provide a basic under standing of borehole responses. We then compare borehole responses of bodies in free-space and in a conductive half space, with a view toward interpreting the geometry and lo cation of a conductor. We conclude the paper with a field example that exhibits similar characteristics to those of our model simulations.
MODELS AND METHOD OF COMPlJTAnON
Figures la and l b show the 3-D models considered. The bodies have a resistivity of 1 o· m and are centered at 305 m depth. In cross-section, the vertical and horizontal bodies are both 50 m by 200 m. Their strike length is 1000 m. We carried out model simulations for earth resistivities varying from 1O:l n· m (essentially free space) to 100 Q. m. A rectangular loop, 500 m in width and 1000 m in length, is used for the transmit ter; the long axis of the loop is parallel to the strike direction. The near side of the loop is located 300 m from the origin, Because our investigation requires borehole simulations over a wide range of background resistivities, we used the 3-D TEM numerical solution of Newman and Hohmann (1988) . This solution is based on the method of integral equations and provides the TEM scattering responses of prisms in layered half-spaces. Because the solution includes a specialized set of divergence-free basis functions, it can model the response of one or more prisms in highly resistive layers and in free space.
VORTEX AND GALVANIC CURRENTS
It is necessary to distinguish between galvanic and vortex currents in order to understand 3-D borehole responses in a conductive host. Let us first consider the vortex current. When the vertical conductor (Figure la) is in free-space, its magnetic-field response is caused by vortex currents flowing in dosed loops. These eddy currents are fanned because at the Vortex Currents If the body is embedded in conductive ground, the col lapsing magnetic field of the transmitter induces electric cur rents in the ground. These host currents interact with the body, so that the TEM response of the body can be very different from its free-space response. An important type of interaction between the host currents and the body is galvanic current flow. Galvanic current is due to charge that appears on the surface of the body because the normal component of electric field is discontinuous there. Because of this charge, current is gathered from the host and channeled into the body if the body is more conductive than its host. However, if the body is more resistive, then the host current is deflected away. Magnetic fields produced by galvanic and vortex. currents are very-different (compare Figure 2a -with-Figur-e 2h)._ In. general; the TEM response of a J-D body in a conductive host is due to a complex interaction between vortex and galvanic cur rents. Either type of current can dominate the response at different times after transmitter shut-off.
Color plots of electric-field patterns in the earth provide a clearer understanding of vortex. and galvanic currents. For comparison, in Figure 3 , we show the electric field of the 1000 n'm half-space without the body. The location of the conduc tor is shown for reference, but its effect is not included in these plots, These color contour plots are snapshots of the strike com ponent of the electic field in cross-section; each individual color plot corresponds to a different time after the transmitter is turned off These electric-field plots can be converted to current-density plots by multiplying by the conductivity of the half-space. At early times (0.03 and 0.1 ms) the currents in the half-space are concentrated around the transmitter; at later times (greater than 0.1 ms) the currents diffuse outward and downward away from the transmitter in the manner described by Lewis and Lee (1978) and N abighian (1979) .
When the half-space electric field interacts with the body of Figure 1a , the electric-field plots of Figure 3 change consider ably. In Figure 4 , from 0.03 to 0.1 ms, the effect of the conduc tor is to oppose the buildup in the field by retarding the outward and downward diffusion of the field maximum in the vicinity of the conductor. However, at 0.3 ms, a vortex begins to develop centered on the conductor; from 1 to 5 ms, the vortex is observable even in the presence of the half-space field. At times later than 5 ms, the vortex vanishes; and the field is depressed compared to the field in the homogeneous half-space shown in Figure 3 .
To observe the galvanic part of the electric field and conse quently its current, we must subtract the half-space electric field of Figure 3 from that or Figure 4 , The resultant field in Figure 5 illustrates the time ranges when the galvanic field is dominant. At early times, from 0.03 to 0.1 ms, the electric field exhibits a bull's eye over the conductor; but this field is op posite in sign to the half-space field of Figure 3 . The bull's eye pattern in Figure 5 is due to charges induced on the surface of the body. These charges reduce the electric field inside the body in Figure 4 , but the current density actually is large compared to that of the surrounding earth, because the con ductivity of the body is a thousand times larger than that of the half-space. Figure 4 shows that when the electric-field maximum of the half-space is moving toward the body, the response is dominantly galvanic.
At later times, a vortex develops in Figure 5 . The vortex is centered on the conductor at 0.3 ms and is most strongly developed from I to 5 ms. This vortex current creates a mag netic field that opposes the collapse of the primary magnetic field in the half-space. However, at late times, the vortex van ishes and the galvanic component of the electric field again dominates, After 10 ms, the electric field inside the body (Figure 4 ) is smaller than that of the surrounding earth and has a decay rate of t -~/2, which is that of a half-space. The magnetic field of the conductor also decays at this rate. Kaufman 
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• F IG, 5. Co ntour plots of the scattered electr ic field du e to the conductor only. These plots were obtained by subtracting the electric field of Figure 3 from that of Figure 4 . Galvanic currents are apparent at early and late times ; vortex currents, at intermediate times.
II) e (1985) showed a similar result for a sphere in a conductive half-space. The decay rate of t -5:2 shows that the late-time response is driven by the half-space electric field.
BOREHOLE PROFILES
In our model simulations, the borehole profiles are based on a voltage measurement after the current is terminated in the transmitter. Because the boreholes are orientated vertically in 
Vertical conductor
We begin with a study of the responses of the vertical con ductor in free-space, for direct comparison with the response of the same conductor in a conductive half-space. The general characteristics of such responses are well known from previous scale and numerical model studies (Woods, 1975; Dyck and West, 1984) . Figure 6 shows borehole profiles at seven measurement times ranging from 0.5 to 25 ms for the vertical conductor of Figure 1 in a 10 5 Q. m host, which simulates free-space. The geometry of the eddy currents, as illustrated in Figure 2a , causes the magnetic field, and therefore the voltage, to change sign as the coil moves past the center of the body. The shape of a profile for the magnetic field (not shown) is similar to that of its time derivative, except that the sign is reversed. Figure 2a also shows why the signs of the borehole profiles on the left side of the body in Figure 6 are opposite those of the profiles on the right. This sign difference is impor tant because it can be used to indicate the direction to the target.
The profiles in Figure 6 show the expected exponential 0)·140. decay, with an estimated time constant of 1.28 ms. This time constant agrees with the empirically determined time constant of a thin plate in free-space given by Lamontagne (1975) as
where L is the intermediate dimension of the plate and at is its conductivity-thickness product. Figure 7 shows borehole profiles for the vertical conductor in an earth of resistivity t 000 n· m. In the first two time channels, 0.5 and I ms, a significant component of host cur rent is channeled through the body along strike. The behavior of the magnetic field produced by this current is illustrated in Figure 2b . To the left of the body, over the entire length of the borehole, there is a peak in the profiles, as shown in Figure 7a .
Here the response of the conductor adds to that of the half space. However, on the right side of the body, as shown in Figure 7b , the response is opposite in sign and greater than the response of the half-space over most of the profile. Hence, the profile is opposite in sign to the profile on the left, but it still peaks near the center of the conductor. At intermediate times (3 and 5 ms), vortex currents domi nate the response. Profiles at these times show sign reversals near the center of the body. These sign reversals and profile shapes are similar to those observed in free-space (Figure 6) . At later times, the response of the body is galvanic, but the half-space response dominates. Figure 8 shows borehole profiles for the vertical conductor when the host resistivity is decreased to 100 Q. m. Only the galvanic response is observed. The formation of eddy currents is not indicated in the profiles at any time, and the profiles bear no resemblance to the corresponding ones in free-space shown in Figure 6 . In Figure 8 , the profiles show a peak over the entire depth extent of the conductor. As expected, the response on the right is opposite in sign to the response on the Jeft. At both early and late times the profiles are dominated by the response of the hair-space.
Information on the location of the conductor with respect to the borehole and the transmitter also is available when the response is galvanic. This information is in the 0.5 and 1 ms time channels in Figure 7 and the 0.5 through 15 ms time channels in Figure 8 . A positive peak in the profiles indicates that the target is to the right of the borehole, while a negative peak or depressed response with respect to the host response indicates that the target is between the borehole and the trans mitter.
Horizontal conductor
When the conductor is horizontal and in free-space (l0 a practical sense: it enables the interpreter to determine in which direction the conductor lies with respect to the drill hole. In free-space, where the response is purely inductive, this information is not available. Because of the high conductivity of the conductor, the vortex response dominates at later times with a behavior similar to that of the free-space response in Figure 9 . However, when the resistivity of the target is in creased to I Q. m (not shown), this vortex response is not large enough to be seen in the presence of the half-space re sponse.
DISCUSSION
In free-space, the shapes of the borehole profiles for vertical and horizontal bodies do not vary with changes in the re sistivities of the bodies. However, the shapes of the profiles in Figures 6 and 9 , which are for free-space, change drastically when the bodies are placed in a conductive host (Figures 7  and 10 ). Our model simulations show that the galvanic re sponse is important for host resistivities as high as 1000 n .m, especially at early times. At later times, the vortex response is observed if the body is a good conductor and is well coupled to the transmitter.
It is obvious that simple free-space interpretations of the profiles in Figures 7 and 10 are not possible. Subtracting the host response from the profiles does not eliminate the galvanic response. OnJy after the galvanic response has vanished could free-space models (Dyck and West, 1984) or models based on equivalent current filaments in free-space (Barnett, 1984) be used with confidence. For example, after 9 ms, the response of the horizontal conductor in a tOOO n· m half-space (Figure 10) is similar to its response in free-space (not shown).
In practice, attempts often are made to estimate the host response and remove it prior to applying free-space interpreta tion techniques. However, estimating the host response accu rately is not easy with field data; and small errors in removing the host response could lead to an erroneous interpretation. As an example, Figure 7 shows that, because the host response is large, small errors in removing it could result in large errors in the estimated secondary field at 3 and 5 ms. The response for the more conductive host of Figure 8 is dominantly gal vanic at late times. Hence, a free-space interpretation of the estimated secondary field obtained by removing the half-space response would not be valid.
The galvanic response provides information on the position of the conductor but does not provide much information on the conductor's geometry. At early times, the profiles in Fig  ures 7 and 10 are similar for vertical and horizontal conduc tors: compare the profles at -140 and 140 m at 0.5 and 1 ms. The best information on the geometry of the conductor comes from the vortex response, which is observed after the galvanic response in these figures. Employing multiple-source loops is important for determining the position and geometry of a conductor (Dyck and West, 1984) .
Numerical modeling of 3-D borehole TEM responses for applications in mineral exploration requires a large amount of computer time. On average, each model presented in this paper required 12 hours of CPU time on a VAX-11j780 com puter. In spite of these demands, numerical models have con tributed significantly to our understanding of 3-D TEM fields. While 3-D scale models also have contributed to this under standing, numerical models are more versatile. For example, the study of vortex and galvanic currents presented in this paper could be carried out only with a numerical solution.
Since computing the models in this paper, we have developed a new version of the solution for bodies with two vertical symmetry planes but still with arbitrary conductivity contrasts and transmitter-receiver configurations. This new version is up Bor-ehole TEM-pr-ofiles-due to pyrite-pyrr-hotite-con ductor in the Kanmantoo trough, South Australia (after Lane, 1987) . As in our simulations, the response appears to be gal vanic at early times and inductive at later times.
to ten times faster and requires only a fourth of the memory for the same model. Lane's E\1 conductivity and magnetic susceptibility logs and his interpretation, we infer the geometry shown in Figure 11 . The EM conductivity log indicates that the main conductor responsible for the TEM anomaly occurs between depths of 150 and 165 m in the drill hole. Because the drill hole is inclined and intersects a complicated, dipping body, we pre sent the field data not as an exact match to our results but to show how the insight produced by our simple computer models can be applied to understand anomalies encountered in practice. Borehole TEM profiles are shown in Figure 12 ; the trans mitter is a 200 by 200 m loop located as shown in Figure 11 . In the earliest time channel, a broad negative anomaly is ob served (the coordinate convention here is z negative down ward), which is very similar to the galvanic response of Fig  ures 7 and 10 (inspect the 0.5 ms profile at station 140 m). Consistent with this interpretation is the report by Lane (1987) of a significant host response in the early-time channels of the profiles, even though the host rocks are reported to have re sistivities in the hundreds of ohm-meters. If the early-time anomaly in Figure 12 is galvanic, we interpret between the borehole and transmitter one or more conductors. where host current is being channeled.
At later times, two crossover anomalies become apparent in Figure 12 . It is likely that the upper. stronger crossover anom aly is a vortex response from the upper part of the main conductor shown in Figure t 1. Vortex currents are con centrated in the upper part of the conductor because it is closer to the transmitter. The deeper anomaly occurs at a depth of 150-160 m and hence probably is due to the fact that the borehole intersects the main conductor at that location. Because the shape of the vortex response did not change with transmitting loop position, the conductor must be a tabular body, with eddy currents always flowing in its plane (Lane. 1987) .
In summary, the galvanic response of the conductor is ob served at early times followed by the vortex response at later times. This behavior is similar to that of our model simula tions. Further. the geometry of the conductor is difficult to resolve at early times based on the galvanic response; only the approximate location of the conductor can be interpreted. This result also is consistent with the conclusions drawn from our model simulations. CONCLUSIONS 3-D models have provided new insight into the effect of a conductive host in borehole TEM surveys. Vortex and galvan ic currents were studied and related to their corresponding borehole TEM responses. In free-space. the galvanic response vanishes; however, for the models considered in this paper, galvanic response can be important for host resistivities as high as 1000 n· m, particularly at early times. In general, the relative magnitudes of the vortex and galvanic responses are determined by the conductivity contrast and the geometry of the conductor. The controlling parameters are the induction and channeling numbers (West and Edwards, 1985) . Based on our results, it is evident that the traditional method of inter preting borehole data using free-space models must be altered if the host rock is conductive. We have provided some of the necessary information for understanding borehole data in these instances.
Naturally, this study is limited in scope by tile number of models discussed. A more extensive study should include a wider selection of 3-D models, such as cubes and thick prisms. The effect of loop position should be in vestigated ; e.g., current channeling is expected to be much less important for bodies located directly beneath the transmitting loop (Spies and Parker, 1984) . The influence of conductive overburden also needs to be addressed. Finally, more work is needed to find a means of interpreting borehole data collected in conductive environments. We did not address these issues.
